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Pn*t Overview
The overriding goal of the RACS project was to develop microwave active colloids whose absorptivity/reflectivity
could be modulated via active and passive changes in the concentration of the nanoparticulate inclusions. Active
changes were to be accomplished using immiscible fluid droplets pumped through micrafluidic channels, while
passive changes were to be achieved using autonomous biocherical reactions at the surface of the nanoparticles in
the colloid. The microwave active colloids synthesized as part of this project were composed of iron oxide (Fe3O4),
nickel (Ni), or copper (Cu) nanoparticles with average sizes ranging from about 10 to 10nm, depending on the
sample preparation. Molecular capping ligands were selectd to impat solubiity and stabi in a Fluorinert FC-77
liquid matrix, and were bound to the nanoparticle surface via a carboxyl,thio or silane functionality on the ligand.
Stable colloids were synthesized with particle volume fractions rangi g from 0.01 to 10%, and it was determined
that higher volume fractions were not achievable in this ligand/solvent system.

Colloidal solutions, both magnetic (Fe304*r Ni) and non-magnetic (Cu), were chaacterized to determine absorptive
properties. Solutions of the particles, with the non-lossy Fluorinert Wsed as the suspnsion liquid, were meaured
over a wide range of frequency bands (waveguide bands D, W, K, L & S), but h sig idicant transmission loss was
noted, or any stOtg rdlective properties. Several methods were utilUed for these measurements, including various
free-space Gaussian-beam systems, and a transtission-line method. In no cases were there any statistically
significant differences between the solutions with nanoparticles and those of Fluorinert alone. Based upon these
initial results, it is evident that significantly higher particle volume fractions are rjuhed to achieve a microwave
active cross-soctio*, and vorrent colloid engineei Japvioiales 114r1iin l aiMto Volume fractions below 10%.

Interface chemnistry was imlementd to moakA the aggegation aftopdticles in the colloid.
Here, we deontae the onitrolledge gaiv tm in-rhc Md~l ani" soludions.,With
decreAsre in solution pH, individual huartIicles (1214 rim)Ii 1 y chisto~ f~ bft -52 nminodse
aggregates in toluene. Spin-spin (T2) proton relaxation measurements of the nicellated clusters before and after
aggregation showed a change in the molar relaxation rate from 303 §W'mor' to 368 sec'morl for individual and
clustered nanoparticles, respectively. DNA-mediated aggregation of micellated nanoparticles in the colloidal
solution was also demonstrated where the number of single-stranded DNA per particle determined the ultimate size
of the nanoparticle aggregate. These results demonstrated that reversible bulk magoetic property changes in the
colloid could be induced by local microscopic changes in particle density controlled by paricle surface chemistry.

Lastly, studies were directed toward the development and modeling of colloid containing microfluidics for the active
modulation of microwave absorption. A method for the self-pumping of immiscible fluids was developed and a
numerical model was formulated to estimate liquid flow rates in the microchannels as a function of different
parameters including device dimensions and fluid. properties. Initial work also focused on the development of non-
lossy injection molded microfluidic platforms fabricated from Ttflon.
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A. Intidaction
Microwave absorbing materials for military applications have been investigated since the advent of radar systems.
The majority of these systems, including Salisbury screens, Jaumann absorbers, ra absorbing paints, and pa ce
laden polymeric layers, are passive in nature. Thte is some work with active surlaes such as variale impedance
surfaces or other tunable microwave absorbers [1] and can be thought of as switched Jaumnn absorbers.
Furthermoe there is at least one system described in the literauire [2] that modifis t& hasge of the permittivity of
an absorbing layer by introduction of a high permittivity liquid into a porous matrix of lower permittivity. The

,rs c a n al s b e u tiliz e d to a t v l gelec c ac on ofc can also be u atiesics
via applicition of a low streagth, *jWd~ 1tb Wotk Of VVriht and,b I thrai t v4t0
of polyethylene oxide polymer i"c*e i ontains both polyanilnet1ra b aniivei. More recent work
with poly(3,4-ethylenedioxyt6lophene) and copper metal in a polyethylene LiBF4 polymer electrolyte matrix show
that an electrical DC bias across the absorbing layer is an effective tuning mechanism for modulation of the reflected
microwave signl [41]. Additional passive methods which utilize intricate miniature inductive and capacitive circuits
have been demonstrated [5], however these designs have a large cost associated with their Jabriation processes and
limited design geometries

Recently, the Wisibility of ftrromagnetic nanoparice composites for midrowava'aWortion has been theordtitaly
described [6, 7) ahd demonstrated experimenaly [8, 91. Highly efficient absototi is pkdicted becatise the
composite combines. the advantages of two absorbers, namely, ferromagnetic particles ati a dielectric matrix. When
surface area is limited (e.g., thewiiig 4 a saU alkvmft), the design of a gd vaydifficult sinc
precise control over some maghdic and dielecfi e properties is often na conveional materials
become challeaging if not impossible to integrete into the design (especially at reduced scales). A composite
absorber that utilizes ferromagnetic particles in combination with a dielectric mi material offers the most
flexibility for design and properties control,,as the composite can be tuned and optized via changes in both the
ferromagnetic inclusions and the surrounditig matrix. Ultra-small superaramagnetic (SPM) particles possess the
most effective microwave absorption cross-sections [61, and trough small cheages in size or composition, the
absorption frequency can be ihifted. Soilarly, the delectric matrix can be tued synthetically to enhance
absorption. Finally, the composite as a whole can be tuned through changes in the particle volume fraction, which is
demonstrated to modulate the reflected intensity of the microwave. This increase in absorption can be manifested in
layers with thickness less than /4.

Bregar's theoretical efforts [6] indicate that the microwave reflectivity of such a nanopartide composite can be
tuned through changes in particulate volume fraction, composition, and size, or through changes in the dielectric
constant of the matrix material. Exparimental validation of this approach is shown by Pinho and coworkers [91,
where reflection loss from a composite composed of a -500 nm sized Co-TiBa hexaferrite filler in a
polychloroprene elastomeric matrix is experimentally demonstrated in the 8-16 GHz bandwidth. Other recent work
has determined the amount of RF shielding of various SPM particles (Fe O4 , MnZ^04 , and CoFeR2O4) in polymer
matrices at similar frequencies [8]. In conclusion, it is important to note that the simulations [6] and polymeric
composites [91 report absorption effects for particle volume fractions of 10-30% and> 30%, respectively.

B. I rjet rest

B1-L 101rowilf WeAsatemrebt on Fe3O, N1,'imd Ce collohial sdlutioma
To measure nano-magnehic (Pe3O4) particles (NMPs) at a L-, S-, Ka-, W-, and D-bands, two general methods were
utilized. At lower frequencies (f < 4 Giz), a transmission-line measurement experiment was configured, using a
TRL (through-reflect-line) calibration to extract the complex dielectric properties of the NMPs, as well as Cu and Ni
particles. Abovef= 30 GHz, several free-space Gaussian-beam measurement systems were used at various bands to
determine the transmission properties, from which the complex dielectric constant could be extracted. Based on all
the experimental data, none of the NMPs were found to have any significant absorptive properties in any measured
frequency range.

Free-space measurements
Free-space measurement systems were utilized to characterize the NMPs utilizing liquid Fluorinert (FC-77) as the
mixture base. The characterized materials are listed below:

" liquid Fluorinert (FC-77), _j = 1.9, tanU = 0.0036 [1];
" NMPs mixed with liquid Fluorinert with three concentrations: less than I mg/mL, I mg/ml, and 4 mg/mL;
" Colloidal Fluorinert embedded with nano-Cu particles (10% v/v);
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SLiquid Fluorinert mixed with n"o-magnetic (Ni) particles with concentration of 4% v/v;
Liquid Fluoinnert mixed with nano Cu partices with 10% concentration v/v.

Since the materials for meas emt a re al liquid, a quartz cuette shown in Fig. was utilized to hold.th liquids.
The exterior dimension of the c,et it 1.5 rmm x 102.5 mm x 48 mm. Thfre-soace* Gaiissian beam
measurement systems wee fed to chatot s r the listed materials: an in-home (Caith) system operating between
30440 GIlz (shown in Fig. 2), a W-bu*d sy*t, and a D-biiind system, The hotS two filsre mnada*erit
systems w i usedg Professor John Scalts' at Colorado School ofMines (CM,;) (shown in fig. 3(a) and (b)).

seup Prcoec of operation i040s

MaQ j 1,a3,i4 avail we r r. h souc in85ouse at Ka n 2m

304 GHz; focal length # p= 30.5
cm;;md len diamfeter d= 33 cm.

Figure 1. Quartz cuvete filled with a mixture Fluorinert
and 10ft. The interior dimension is 9.5 m in x 10Mmm,
x 46mi n and the volume is 35.00 ml.

77#e Cobiech Measirement System
This measurement system (except for the sourme) was borrowed from Caltech and is set up in our lab (Fig. 2). The
system has following properties:'-

" Frequency of operation: 3040 GHz
" Maximum available power from the source i 85 IOC) at Ka band: 0.502 mW
" Power density at the focal plane: 0.317 W/m2
" Spot size: 12.57 cm2 (d - 4cm)
" LAes diameter: 33 cm

-FPocal length :30.5 tin

Due to the lack of some optical equipment (ie. podfioners) and c:alibraortindsafr, simple calibration techniues
such as "t-ispbuse a6d 'reilsc anud isoafig'~ Weft asoen to calibrate this sys*tf. These calibration tecl1niqft
are only c aibie of providing either atsmission response or reflection response, depending on the calibration
standard. The "response and isolation" calibration technique only takes two standards: one for response, one for
isolafion. For the response standard, the device under test (1)UFr) is either removed or replaced by an empty quartz
cuvette and then a thru calibration is performed. The latter is more desirable since the result contains only the
transmission properties of the measured liquid. The isolation standard can be, obtained by placing an absorber
instead of the DUT and then performing the isolation calibration. The free-space Gaussian beam measurement
system can be simulated using the transmission line model of a plane wave, since ther is a plane of constant phase
across the Gaussian beam spot at its focus.

The measurement first was performed on liquid Fluorinert. Since the properties of Fluorinert and the quartz cuvette
are well known, a simple simulation of the system with transmission line model of a plane wave was completed. Fig.
3(a) and 3(b) show the simulated and measured transmission response of Aluorinert inside a quartz cuvette when the
cuvette is not calibrated out (a) and when the cuvette is calibrated out (b). As shown in these figures, the measured
transmission response follows the same trend as the simulation results but is shifted to higher than zero; this is due

3
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to the focusing properties of the liquid and quartz. Both simulated and measured sults show that Hborinert is a,low
loss material at 30-40 GHz. Fig. 3(c) shows the transmission rtsponse of the empty quartz cuvtte for comparison

~Purposes.

4! 0 I I

i 61

-~~et.-

(a) (b) (C)
Figure 3. Simulated and measured results of the trasmission response of (a) fluorinert inside a quart cuVette, (b)

l ' l • I~ ~ .YT , _.. ._"_ , ++."

Aurnr cuef is caibatd pu,,c _c4t c.,, -

__._1 "' I .. -II* -* -e -

S - -v..411 U 4, -WI

(a) (b) (c)

I-:

d1 36 * 4

W* . -"-

(d) (iIi)
Figure 4. Meansed results of the magnitude of the timsmission response of (a) 4 mgtml nano-mnagnetic partices
(R30 4) in HuotiieM (b) 1 mg/ml nano-magnetie partickes (Fp304). (c) 4% v/v nano-ickel particles in nuorinert,

(0) IQ'I vpins-Cu partiles in f1olaer an (e) Cu pai*le i olodl .uoi~ t ~uidlfiei f1boi,)

The various colloidal solutions previously described were also characterized utilizing this free-space Gaussian beam
measurement sysem. Fig. 4 shows the measured transmission response of these liquids. Since the properties of the
materials were not known no simulation was performed. As shown in Fig. 4, none of these materials have significant
sharp absorptive properties. Their transmission responses are very close to plain Fluorinert. Fig. 4(e) shows the
comparison between Copper particles inside Fluorinert and Fluorinert itself. The reason that the transmission
responses of these materials exceed above zero.as mentioned before is that these materials have focusing properties.

CSM Free-space Measurement Systems
There are two Gaussian beam measurement systems (W-band and D-band) available at Professor John Scales' lab at
CSM. The precise properties (i.e. focal length, spot size, lens diameters, available power from the source, etc) of
these systems are not known. We know that the spot sizes of the two systems are less than 2 cm in diameter that
makes the quartz cuvette large enough to use for these systems. The sample holder for the DUT is at a fixed plane,
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so kowleg, o thetoc _.,Wth is not required. The source is a millimeter-aenwokalyr(A
Mifietre). fig.5 sloiws te W-b yskm tinder test (a) and the two W- and D-band homi (b).

The sytm ut~u4 tapol Ogm ingpi~s uVsmsso thepeanemptyeietm eone Twele ciffibF .~cto itn- is,v fadeo7 t ily

00i0 iinis clo ialln Meft vfyto the W04,4*4
thepat isid te ept c~v~ie s ot lbraM'td 6,outhe taniwsson in thoc follw mgq7an"S

due to the same reason.

Figure, 6. Magnitude of transmission and reflection responses of an empty
quartz cirvetm.

Iron oxide colloids were characterized using these two systems. Figures 7 and 8 show the magnitude of transmission
and reflection resp?onse of dkese materials at D- and W-band respectively. As shown in these figures, de en
sipMeati absip&e prOp" i i 4 of the results. TUe soa With mm or ea ed matrs(4ing,
to Ftwuiert) was diffi4af to cl*tacteriz lomiscly, since the particles were etifing down quikfy dMW

me Mt 're manuk f-o traim ssiorn reponse is higher than zero because S~uorincr has f6usatj
property; it b&Ascly jpe&"& il. u e

TRL Calibration
TRL (through, reflect, line) is a calibration technique for circuit topologies where matched loads are difficult to
obtain. This method requires three standards: a through connection, a high reflectivity termination, and a section of
uniform line. The reflection coefficient of the short is not required and it can be determined during the calibration
process. Also, the precise,electrca length of the line standard is not required. However. the characteristic
impedace, 70, of the delay. line is a criiuAl parameter that is necessary to be well known. TRL calibration accounts
for the imperfecti ons of the various measurement circuit components such as connectors, cables, etc. This technique
is based on an 8-termi error model shown in Fig. 9. TRL calibration is capable of determining the propagation and
attenuation constants of the line standard. The attenuation constant is based on both conductor and dielectric losses.

5
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Figure 9. TRL error model. The left- and right-mOSt graph paths with subscripts 'A' and WB correspond to the error
matrices of any part of(the circuit, from either port of measurement, up to the reference plane where the device
(central g eaph isct on)islcte&.

(c (d)
Figure 10. (a) Fabricated fixture base of thru and refelect standards, it contains a 1 mm deep pool for liquid and an
o-ring groove. (b) Completed thru and reflect standard, the width of the lines is 4.1mm. (c) The line standard;
18 mi longer than thru. (d) Rendered cross-section of a standard indicating each layer.

Two sets of measurements were performed on the fabricated standards using an HP 85IOC VNA and its built-in
TRLU fuinmton. Iii the fistm easurcit Fluormert waused ai *t liquid layer in the staixtards. At firo the TI,
ca4bm*n was petf6tied uing the fabricated sis ba "Memfts the, effect of tie connectors an0* @0-=84gAs
calibrated out. fig. 11 shows the S-porameters of the 'line" after calibration. Note that the "line" is onty 18 mi
long which is the difference between the line standard and thru. The complex propagation constant and the
attenuation constant of the line has been extracted from the measured S21 of the line. Figure (4) shows these results.
As shown in Fig. 12 (a) the attenuation constant U is less than 0.1 dB/cm which means that Fluorinert is a low loss
liquid at this frequency band (1-4 GHz). The propagation constant U (shown in Fig. 12 (b) is increasing linearly
with respect to frequency as expeceted.

The second sets of measurements were performed when Fluorinert with de-embeded NMPs (1 mg/ mL) was used to
fill the liquid layer in the standards. Fig. 13 shows the S-paramneters of the line. Fig 14 shows the attentuation and
propagation constant of the line. These parameters are almost identical to the results when plain Fluorinert was used
as the liquid. This means that the NMPs do not have absorptive properties between 1-4 GHz.
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]Figure 14. (a) Aftenuation and (b) propagation constants Of the ine staudard when B1led with 1 mg/mL NMPs in
nuorinot

1 -- 0
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d o-N __ __ _ 0 -4-- __

-26 r-

-n

1 1.3 2 2.5 3 3.5 4 1 1.5 2 2.5 3 3.5 4
FreqUefty IGHzj F~ Irqupq PHz) (b)

Figure 15. (a) S-parameterg and (b) insertion loss of the line standard when the standard is filled with Fe'04
1 mg/mL partickes. In this case the standard, is only calibrated up to the conmoctons with- open, short ,and load

In order to validate the expe ment another mesrm a usqme ing u ma etc particles (Fe;0 4 )

Microwave MmeteMes - CowcJksions
Colloids, both magnetic (containing Fe3O4 or Ni) and non-magnetic (containing Cu), were characterized to
determine absorptive properties. Solutions o( the particles, with Fluorinert used as the suspension liquid, were
measured over a wide ringe of frequency bands (waveguide bands D, W, K, L & S), but no significant transmission
loss was noted, or any strong reflective properties. Several methods were utilized for these measurements, including
various ftte-qpace .jusia-beam systems, and a transmisinle methiod. In no cases were thern any statistically
significant differences between the solutions with nano-particles and those of unmodified fluorinert solution. Based
upon these observations, Fluorinert does possess non-lossy microwave absorption characteristics and therefore
provides an ideal matrix for nanoparticulate inclusions if the matrix effects are to be suppressed in the desired
technological application.
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B-7. Autonomous modulation of bulk colloid properties via interface chemistry

pH Medited Aggregation
In this section, we describe our development of a colloid titration procedure that allows control of aggregate size via
changes in solution pH during processing. To characterize the aggregated nanopardces in the colloid, we perform
DLS and spin-spin proton relaxafm measurements to link changes in aggregate size With magnetic behavior.
Changes in magnetic nanoparticle aggregate size within the matrix should modify the measured RF absorption from
the composite'systemn. Previous work has demonstrated that the volume fraction of magetic nanoparticles dispersed

ina ta4x~ rthse the RF~ absor~tt d b6i" indie-ioe itm~otWt* vidual paWeiles in an
aggregate and spin coupling between particle"agregates. (10J. As a consequence, Sl A nanoparticles such as Fe3O4
in the aggregated state possess higher magnetization that induces a faster dephasing of proton spins (higher R2
relaxation rates, shorter T2 relaxation times) in the vicinity of the agglomerate 111, 12.

In the Fe3O4/toluene colloid, particle aggregation is achieved by lowering the pH of the toluene solution. The
carboxylic acid capping agent coordinates to the surface of the metal oxide via te WWnat6d corboxyl group. The
bare meW oxide surfice is an elect",x d6boit (Lewis base 1131, ad co4s0q*tly coordftm,tw 'with' the da.
protonated heptanoic acid molecule, in toluene solution. Heptanoic acid is e d surfe by
lowering the solution pH witha weak Lewis acid (such as acefic acid), which r6- the carboxyl group in
toluene. As a o9equece, the inherently hydio"c, sulites of the metal OxI& nVrtce ate exposed to the
hydrophobic tolkiene solution and begin t# chlst without the cappihg nibledukw, tis forihh"dg the lag"
nanoparticle aggregate. Conversely, the nanopartieles can be de-aggr6pated by titraillg the Fe3O4/toluene colloid
with a weak Lewis base (such as THF). The pH-mediated aggregation of Fe 304 nanopa les in organic solution
was adapted fkm prtvious published studies on iron particle dispersion [14].

Figure 16. TEM images showing (a, left) as-synthesized 12 nanometer diameter Fe3O4 particles
and (b, right) Fe0 4 nafoparicle f wing eionn a phospholipid miceie.

The as-synthesized natibparticles (Figurt l6k) were pr~DUO in toluene at u6*al and- redued~ pH followed by
phosph6Iil" yieldng sigli!S4aWit "ffles, respecw, ly.Ui%b4N Moellation lends
stability and water solubility for evaluation byr DLS and NMK, as well as termiruil functimal groups for subsequent
bioconjugation. In Figure 16b, single particles processed at neutral pH are shown following micelle encapsulation.
The DLS size distribution results shown in Table I demonstrate pH dependent aggregation of Fe3O4 nanoparticles
encapsulated in phospholipid micelles. The -16 nm meaw sample diameter is consistent with monodisperse single
particle miceles with a magnetite core of approximately 12-14 n (Figure 16b). A- 52 m mean sample diameter
is consistent with nanoparticle aggregates containing approximately 48 nanoparticles each, assuming a packing
fraction of 0.74 (clos-packed) and individual particle'diameter between 12-14 nm.

T2 relaxation results for the single and multi-particle micelles shown in Figure 17 demonstrates the enhanced molar
T2 relaxation rate of the multi-particle micelles compared to single particle micelles. The 368 sec'-mol " T2
relaxation rate of the multi-particle micelle sample shows a 22% increase compared to the 303 sec7l.mol" T2
relaxation rate for the single particle micelle sample. The molar relaxation rates were obtained from the linear fits of
the inverse T2 measurements for three Fe3O4 micelle dilutions. Both linear fits demonstrated near ideal correlation

10
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(R2 > 0.9). As demonstrated by the plot in Figure 17, the larger aggregate of magnetic material per miceffe i water
yields a higher molar relaxation rate than the single nanoparticle per micelle colloidal sample.

% ofAcdWc Acid Agotgd* Hyakdy-4u Dk*W-te

in TqfF (nornalized to one perfidle)

0.00 1.0 +/- 0.010,

0.23% +-0.04% 2.0 +/-0.025

0.33% +-0.03% 5.3 +/- 0.006

0.41% +1- 0.03% 5.8 +/- 0.009

0.47% Wf- 0.03% 6.4 +P Or.ODS

0.52% +/- 0.02% 5.8 +/- 0.015

Table ~ ~ ~ ~ ~ ~ ~ ~Tj' 1.Tb't,cck~nia dv~au* iei 7 narloparticle aggregation in

THF during titration with acetic acid. Aggregate diapetmr are nornalized to the'ameter of a single nanoparticle.

12 molar raMxOUM roe. of mbafts mikf

40
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DNA-Miated nanopaick aggregation
In this section, we describe a second experimental approach for promoting nanoparticle aggregation in the colloidal
solution mediated by DNA. Several studies have investigated the bimolecular driven aggregation of micro and
nanoparticles in solution [11, 15]. In our case, particle aggregation is desired to modulate local number
concontration and in turn RF absorption in the colloidal solution. Of particular interest is exploing the use of single-
stranded DNA (ssDNA) to drive particle aggregation. Because there is a very well defined relationship between
DNA sequence and the thermodynamics of double-stranded DNA (dsDNA) formation, it is possible to control the
aggregation of particles using sequec speciity [11]. dsDNA meling transitions are well defined and cotrelate

f the DRA ui.leotide sequen& Mlig binperatures increase with increasing I*A strand length ant with
increasing GC base content, and are easily calculated from the sequIence using pair wise interaction parameters ['16].
The melting transitions of these dsDNA are typically broad and occur over a temperature rge of -20'C. Recently
it has been observed that dsDNA transitions in micro- or nanparticle aggregates show sharp thermal transitions of a
few degrees or less [17, 18], with time constants in the millisecond range for sufficient temperature jumps [19].
Thus, the DNA driven aggregation, thermal melting, and dissolution of col"oidal nanopartices can be controlled
over a very sharp thermal range yielding reversible changes in particle volume fraction.

In the work reported here, we link ssDNA to a population of mille-encapsate4 particles via: carboxyl functional
groups on the phospholipid molecules. The complimentary ssI)NA to the former is bound to a second, populatin Of
miile-encapsulated pales. Upon Dixing of the two popubions in dl. colloidal solution at 20T, the,
coplimntary DNA straiWs hybridize, thus promoting aggeao below the mhelting tranition of the &sDRA. By
varying the ratio of ssDNA per micelle, the ultimate size of the aggregate can be tailored. For example, by
maximizing the number of ssDNA attached to each population (saturation of ssDNA per micelle), aggregation is not
well-controlled and extremely large aggregate networks form. figure 18 shows T images before and after DNA
hybridization and formation of fractal aggregates with sizes in excess of I pm.

In order to demonstrate precise control of the biocnugation process and aggregate formation, ssDNA was linked to
micelle-encapsulated particles as described in Section 3.1 in ratios of one shAi pet micelle (:1) and 2.5 strands par
micelle (2.5:2.5) on average. Figure 6 shows size data obtained by DLS for samples with no aggregation, "d
micelle-encapsulated particle populations with 1:1 and 2.5:2.5 DNA additions per micellated particle. For the case
of moderate aggregation, a 1:1 DNA to micelle raio should yield onaverage only two micels per aggregate, while
a 2.5:2.5 DNA to micelle ratio should yield a larger aggregate. The resuits shown in Figure 19 support this
conclusion, as the (1:1) sample has a hydrodynamic diameter 50% greater than the unhybridized micelle, indicative
of the decreased diffusion coefficient of aggregated particles. Similarly, the (2.5:2.5) sample has a hydrodynamic
diameter nearly 150% greater than the unhybridized micelle, demonstrating increased aggregation. These results
indicate that DNA can be utilized as a selective surface ligand on nanoparticles to precisely control the degree of
aggregation in colloidal systems.

Cobwjkbd Mib#f W DNA

110

ts

Figure 19. DLS results for particle micelles
conjugated with varying quantities of complimentary
DNA. Note that the diameters are normalized to
diameter of single micelles.
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Autonomous Colloidal Aggregation - Conclusions
In this work, two routes to the controlled aggregation of nanoparticulate inclusions in a colloidal solution have been
demonstrated. In both scenarios, nanoparticle interface chemistry is used to dictate the degree of aggregation without
the application of external mechanical or electrostatic actuation. In the first case, we utilized a pH change in the
colloidal solution and acid-base interaction of the molecular capping layer to drive nanoparticle aggregation (and
dispersion). T2 relaxation measurements on the resulting aggregates demonstrate magnetic propefty chngte with
local nanoparticle concentration. In the second case, we demonstrated aggregation in the colloid via the
hybridization of complimentary ssDNA covateny bound to the surfaces of two particle populations. The ultimate
agrgt size and sLVpe is contrllbeth mount of ssiJNA pgP;dcb thus demonstrating that aggivgAit gla
can be precisely tailored via the addition of a site-specific biolgfligand such as DNA. In principle, both o the
interface chemistries demonstrated in this paper are both passive, and reversible. While we were unable to
demonstrate these approaches in the modulation of microwave absorptionlreflection in colloidal solutions, this work
does demonstrate the feasibility of modulating bulk colloid properties via microscopic changes at the nanoparticle
surface, i.e., molecular exchange or DNA hybriization. In addition, this approach will work for the modulation of
EM waves with shorter wavelengths, such as UV-visible and IR, and may therefore have potential applications for
tedoloes beyond radio frequencies.

B.-3 MkrofiW&de Modeling for Active. h1bdulation of Micro*avt AbNbqdmlo us*n CoDloWd Solut6mu
The Biftley group has focused their efforts on an appro"-kto self##fp flids through microthanhuels mAking use
of surface tension forC deeloped across a liqui4-vapor interfac. Fiit2 0 shows a rough schematic of how such
a device would work.

figure 2D. Pumping 1iq***pq itg mwrochanel using va~ efiillary form~e at, iUs two liiuiu*
I tworinterfaces

The setup consists of a Capillary force generation (CFG) chamber at one end of one or more liquid microchannels
and a condensation chamber on the other end. A vapor microchannd provides a separate connection betweea the
CR3 and condensation chambers. The fluid in the CFG chamber is evaporated using a heat source to create a liquid-
vapor interface. The capillary pressure drop across such an interface is given by

R

where y is the surface tension and R is the radius of curvature of the interface. The CFG chamber is packed with a
wick structure whose small radii pores give rise to large pressure drops across this interface. The dvaporated vapor
continues in the vapor microchannel until it condenses in the condensation chamber leading to another vapor-liquid
interface with a large radius of curvature and thus minimal capillary Oressure drop. This difference in pressure drops
at the two interfaces gives rise to fluid motion in the liquid microchannels. The capillary forces are in turn countered
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by the liquid and vapor flow pressure drops in the channels and wick, leading to a steady state fluid flow. A
numerical model was created to estimate the flow rate of the liquid in the microchannels as a function of different
parameters including detioe dimensions and fluid properties. Figure 21 shows how mass flow rate depends on the
wick pore size with other design parameters held constant. This niodel can be used to optimize design parameters or
to test device performance. The mass flow rate basically increases with heat input from the heat son=v though the
exact relationship would be determined by a numerical model. In this way we would be able to self pump fluid in
the microchannels by providing a temperature gradient between the CMU and condenser chambers.

0V%ck_ T_kk_ _200_n_ _

VfkTWm 0 k

Poe dkowhwonklr6un)

Figure 21. Variation of the mass flow rate with wick pore size for two
1different wick thicknesses with all the otlher.4esign parameters held constant _

Micrafluidic for Active Modukifion ~- Conclusidya
Initial modeling results indicate that the previously described 'self-pump' process is viable for an autonomous fluid
delivery system (i.e., for the wing of an UAV). Other work has explored the development of a Teflon based injection
molding process and preliminary evaluation of material and process requirements are favorable. Finally, Fluorinert
droplet formation has been demonstrated using a prototype microfluidic device.

C. Project Summary and Conclusions
Tle oveirall 6Wiective of. thi )AVA~ seed grant project was not "cheved- ptopsed. That is,tho two 60t tft was
not &Mts to demnonstrate *Ik1owave absorpio and modu~taiWns using dol&Jd ivn containing mko-mag&neic

Aials.r~ While~ sapot$& ihis? aprw iq~ a,nf~ n

abopdnirlcivt. u-work deosrtsta Oueip to 11% do not have a ilro
absorption cross-section. Stable particle volume fractions above 10%i could not be achieved in our laboratory
through the modification of particle size, ligand type/length, and solution type. In every case, particle segregation
and ptecipitation was observed above 10% v/v. More work is necesMiated to identify the necessary colloid
characteristics that will permit the formulation of highly concentrated colloids with particle fractions above 10% v/v.
While microwave wavelengths are determined to be insensitive to dilute colloidal solution, we note that shorter
wavelengths (e.g., UV-visible, 1,, ec.) will be sensitive to anometer scalk pardieles As a consequence, we believe
that sihilar approaches to modulation of bulk properties can be pursued for Wt technologias opeestive at different
wavelengths. One obvious example is invisibility, which depends on the modulation of visible wavelengths of light.
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